A new high resolution crystal structure of the phage λ λ repressor reveals the basis for repressor dimer formation and, together with biochemical data, provides insights into the mechanism of repressor tetramer formation, a process essential to the cooperative binding and gene regulatory activities of this protein.
Transcriptional regulation in both prokaryotes and eukaryotes involves interactions between proteins bound to sites on DNA that are either adjacent to each other or separated by anywhere from several to thousands of base pairs. Until pioneering work in the late 1980s, the mechanism by which proteins bound at a distance exert their effect on each other was thought to occur by any of several mechanisms. But, in findings that were at the time surprising, the elegant work of Hochschild and Ptashne [1] effectively demonstrated that action at a distance by the bacteriophage λ repressor occurs via a protein-protein contact, with the intervening DNA 'looping' out of the way.
Although the structural mechanism for DNA recognition by the λ repressor was established by crystallographic studies several years ago [2] , the structural basis for the cooperative binding of λ repressor to two sites has remained elusive. Very few structural studies of cooperatively interacting DNA-binding proteins have been published but now Lewis, Hochschild and colleagues [3] have reported the structure of a tetrameric complex of the λ repressor carboxy-terminal domain bound to DNA. The new work ensures that λ repressor will continue to be one of the best paradigms for studying gene expression mechanisms.
Lambda repressor
A full understanding of the significance and implications of the reported structure requires a rudimentary knowledge of the repressor protein in λ bacteriophage biology (for full details see [4] ). Upon infection of a host Escherichia coli cell, bacteriophage λ chooses either to replicate by lytic growth, or to enter a latent, lysogenic pathway in which the phage chromosome is integrated into that of the bacterial host. In this lysogenic state, the only phage gene that is expressed is the one that encodes the cI repressor. Upon induction of the lytic pathway, the repressor is inactivated and the phage enters the lytic growth pathway. The key component of the lysis-lysogeny switch is the cI repressor protein.
The λ repressor can be structurally and functionally divided into two domains, with the residues in the helix-turn-helix motif of the amino-terminal domain making sequencespecific contacts with the DNA. The carboxy-terminal domain mediates the strong monomer-monomer and the dimer-dimer contacts. We shall primarily be concerned here with the structure of the carboxy-terminal domain. The two domains are joined by an approximately 40 residue linker. To effect the lysis-lysogeny decision, the λ repressor binds to a series of six operator sites organized into two operator regions, O R and O L . The DNA-bound repressor differentially regulates the activities of several promoters that are crucial to the phage's decision between lytic and lysogenic growth by binding with different affinity to each of the three sites in the two operator regions.
As illustrated by the series of interdependent steps in the λ repressor's gene-regulatory activities at O R , protein-protein contacts are fundamental to its function. First, monomers of the repressor protein must form homodimers in order to bind specifically to its binding sites. Second, the repressor dimer must detect differences between the sequences of the distinct binding sites and bind with highest affinity to O R 1. Third, cooperative interactions between two repressor dimers are needed to facilitate repressor binding to the low-affinity O R 2 site at the low repressor concentrations present in a bacterial cell early after infection. Fourth, induction of an established lysogen involves stimulation of a latent autoproteolytic activity by interaction of the repressor with RecA. This autoproteolytic activity, which can also occur in the absence of RecA at high pH [5] , cleaves within the 'linker' region, thereby separating the carboxy-terminal oligomerization domain and the aminoterminal DNA-binding domain, causing the repressor protein to be incapable of assembling into the higherorder oligomers needed to occupy O R 1 and O R 2.
The sequence of the carboxy-terminal domain of λ repressor shows homology to domains in related bacteriophage repressors, in LexA [6] and in UmuD′, a protein involved in UV mutagenesis [7] . The structure of UmuD′ was recently solved [7] and a comparison of this structure with that of the carboxy-terminal domain of λ repressor [3] shows that the sequence homologies extend to structural similarities. Like UmuD′, the overall fold of the carboxyterminal domain of λ repressor consists of a single domain formed by a highly distorted seven-stranded β sheet ( Figure 1a ). So the proteins in this family are all likely to have similar structures, and the knowledge gained from these studies should facilitate structure-function studies for the whole family. The λ repressor carboxy-terminal domain, however, is six residues longer than UmuD′ and has an important structural feature not found in UmuD′ (see below).
Dimer interface and DNA binding
The dimer interface of the λ repressor carboxy-terminal domain is formed by several polypeptide segments located throughout the protein chain, but concentrated near its carboxyl terminus. These dimer contacts are symmetric, with a residue in one subunit contacting its symmetry-related partner in the other subunit. These residues are located in positions homologous to that of the so-called 'filament' dimer interface of the UmuD′ protein Mutations that alter dimer formation by the intact λ repressor [3] and UmuD′ [8] map to these homologous positions. Thus, these two proteins appear to dimerize in solution using a dimer interface that, at least in part, is located in a homologous position in the two proteins.
An unusual feature of the structure of the λ carboxyterminal domain is a four-residue segment that forms a 3 10 helix that follows the globular β sheet region. One helix from each subunit crosses over the two-fold symmetry axis of the dimer, forming bridges between the two subunits ( Figure 1b) . These helices do not contact each other, but instead make several important contacts with other residues in the opposite monomer. These contacts must contribute greatly to the stability of the dimeric form, and at least one point mutation that affects dimerization is located in this region of the repressor polypeptide.
In light of the apparent importance of the 3 10 helix region in stabilizing the dimer form of the λ repressor carboxyterminal domain, it is surprising that the polypeptide segment corresponding to this structural element is absent in the highly related bacteriophage 434 repressor. Moreover, deletion of the last eleven residues of that protein does not significantly compromise its ability to dimerize [9] . Together with other, later work, these findings suggest that the 434 and λ repressors may have different sets of dimer interfaces, and/or that the choice of dimer interface in the 434 repressor may change with the presence and/or sequence of DNA.
Although the structure reported by Bell et al. [3] does not include the DNA-binding domain of the λ repressor, the amino-terminal ends of the two carboxy-terminal fragments in the dimer face the same side of the protein. Hence the dimer is satisfyingly organized in a stereochemically correct orientation that would facilitate DNA binding (Figure 1) . Unfortunately, the absence of the inter-domain linker region from the structure prevents us from gaining insight into the relative orientations of the amino-terminal and carboxy-terminal domains in the dimer. The structure does, however, provide a platform for intelligent molecular modeling of this critical feature.
RecA cleavage
In addition to the sequence and structural similarities between the bacteriophage repressors, LexA protein and UmuD′, all these proteins also undergo RecA-stimulated autocleavage. As RecA cleavage regulates 'SOS' DNA repair in the same way, determining the molecular basis of the reaction is important for understanding, not only lambdoid bacteriophage development, but also how this important repair pathway is controlled in many different organisms. A pair of lysine and serine residues form an active site for the autocleavage reaction, and equivalent residues are present in all these proteins. In the structure, these residues are hydrogen bonded to each other. More interesting is the identification of a third residue, a threonine, which is also hydrogen bonded to the lysine and which may function in a similar manner to the aspartate in the aspartate-histidine-serine catalytic triad of serine proteases. This threonine is conserved in most proteins that undergo the RecA-stimulated autocleavage reaction.
One vexing question has been how RecA interacts with its targets, including λ repressor. The structure of the RecA protein, solved previously [10] , provided no clues to this mystery. The structure of the carboxy-terminal domain of λ repressor [3] shows that the sites of a series of mutations that eliminate RecA-mediated, but not pH-mediated, autocleavage map to one side of the active site. This series of hydrophobic residues may form part of the docking site for RecA. Hydrophobic residues are present at these homologous positions in related RecA-responsive proteins, but the identities of these residues are not strongly conserved. Hence the structure [3] has likely identified part of the determinants for RecA interaction, and it provides fertile ground for further exploring this interaction.
The structure of the λ repressor carboxy-terminal domain does not include the linker region that contains the scissile bond, so it does not provide any additional insights into the structure of the substrate-active site complex. Like the UmuD′ structure, however, that of the λ carboxyterminal domain shows that the amino-terminal end of the protein, where the linker would protrude from the domain, is a considerable distance from the active site. These proteins must therefore undergo a substantial rearrangement in order for the autoproteolysis reaction to occur.
Tetramer interface and the mechanism of cooperativity
The most remarkable aspect of the structure of the λ carboxy-terminal domain [3] is the insight it provides into the structural basis of cooperativity. Cooperative DNA binding by λ repressor requires that two dimers interact to form a tetramer. In the crystal, one dimer falls within the asymmetric unit of the structure; but two dimers associate about the non-crystallographic two-fold symmetry axis. The association surface is lined with residues that have previously been shown to be directly involved in mediating cooperativity of DNA-bound repressors, suggesting View of the carboxy-terminal domain tetramer, highlighting the positioning of the amino termini. Notice that the amino terminus of each subunit extends to the left side of the tetramer, with the amino terminus of the 'top' dimer pointing up and the amino terminus of the 'bottom' dimer pointing down. This suggests the likely orientation of the carboxyterminal domain tetramer with respect to the DNA, as each of the four amino-terminal DNA-binding domains would point to the left side.
that this crystal contact involves protein-protein contacts that mediate tetramer formation.
The dimer-dimer interaction is two-fold symmetric but the two subunits in each dimer are arranged such that the dimers contact each other across the tetramer interface via contact between different surfaces of the two interacting subunits (Figure 2 ). Each dimer in the tetramer therefore has an exposed surface that could potentially interact with an additional dimer, which would lead to formation of an octameric carboxy-terminal domain complex. Indeed the three-dimensional structure of such an octamer has been determined (M. Lewis, personal communication). Although the biological relevance of such an octameric complex must be more firmly established, its formation may explain the apparently cooperative effects of λ repressor molecules bound to sites separated by 3.6 kilobases [11] .
Without DNA to bring two repressor dimers into close proximity, the intact λ repressor forms tetramers only at extremely high protein concentrations [12] . The structural analysis provides a possible explanation for these weak solution interactions. Although the tetramer interface is stabilized by salt bridges and hydrogen bonds, the two dimers in the tetramer are not intimately associated. The interface lacks substantial amounts of apolar contacts and only a modest amount of solvent-accessible surface area is buried as a result if interruption of the interface by gaps and cavities.
The λ repressor binds cooperatively to two DNA sites only when those sites are located on the same side of the DNA helix. The basis for this restriction is clear from the structure of the tetramer -the attachment points for the DNA-binding domains all protrude from the same side of the protein. Moreover, in the tetramer the amino-terminal domains that protrude from one dimer point away from those attached to the other ( Figure 3) ; this means that the DNA-binding domains on one dimer do not interfere with those on the other. The structure of the tetramer revealed in the crystal [3] is thus perfectly oriented to permit cooperative binding to two DNA sites.
In its normal physiological context, a λ repressor dimer bound at a single DNA site interacts, via its carboxyterminal domain, only with another dimer bound at a directly adjacent site. But the carboxy-terminal domain also mediates the non-canonical ability of λ repressor to bind cooperatively to sites separated by up to eight helical turns of DNA. An intriguing question left unanswered by the new structure [3] is how the protein effortlessly manages to cooperate with sites that differ so widely in separation. This is a critical issue, not only with λ repressor, but also with a wide variety of other transcriptional regulators that manage the same trick. At first glance, the attachment sites for the amino-terminal domains on the tetramer appear to have an orientation well suited to mediating long-distance cooperativity. The answer to the problem may lie within the linker region that is absent from the structure. As discussed above, flexibility of this region may be a necessary feature of the autoproteolysis reaction. The linker may therefore provide the aminoterminal domains with sufficient flexibility to assume the orientation necessary to facilitate DNA binding to sites located both adjacent to each other and at a distance.
